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Introduction
Electrochemical studies of the interface between two immiscible electrolyte solutions (ITIES) have attracted a great deal of interest for two reasons. First, the electrochemical reaction at the ITIES represents an essential aspect of various practical applications in chemistry: ion-selective electrodes [1] [2] [3] , amperometric sensors [4] , electrochemical extraction [5, 6] , catalysis [7] and solar energy conversion [8] . Second, the biological relevance of these processes has been observed for more than a century [9] [10] [11] .
When an external potential is applied to a polarisable ITIES, a potential gradient can develop and the partitioning of ions between the two phases is likely to change. This flux of ions gives rise to a current that can be monitored. The standard Galvani potential difference of ion transfer, , is defined as:
( 1) where
is the standard molar Gibbs free energy of ion transfer from phase w to phase o, which is given by the difference in the standard molar Gibbs free energy of ion solvation in the two phases [12] . Because metal ions are heavily hydrated, it is necessary to assist their transfer reactions by means of a ligand or an ionophore. In this way, many ions which are too hydrophilic can be studied by cyclic voltammetry for analytical measurements. Numerous studies have been dedicated to explaining the mechanisms of assisted metal ion transfer reactions [13] [14] [15] [16] . However, reaction mechanisms have only been accurately described and classified for the first time by Shao et al. in 1991 [17,18] : ACT (aqueous complexation followed by transfer), TIC (transfer by interfacial complexation), TOC (transfer followed by organic phase complexation) and TID (transfer by interfacial dissociation). These mechanisms depend not only on the chelating capacity of the ligand for a given cation, but also on the concentration of the free ion and the ligand in the two phases, on the association constants in water and in the organic phase, and on the partition coefficient of the ligand [19] .
Assisted transfers of heavy metal ions have been investigated at ITIES by using different ligand derivatives such as diamines [20,21], 1,4,7,10,13,16-hexathiacyclooctadecane [22] , triazines [23, 24] , 6,7-dimethyl-2,3-di(2-pyridyl)quinoxaline
[25], phenanthroline [26] , phenanthrolinophane derivatives [27, 28] and thiosemicarbazone [29] in the organic phase. In this study, we report the voltammetric transfers of heavy metal ions (Cd 2+ , Pb 2+ , Hg 2+ , Cu 2+ , Co 2+ and Ni 2+ ) across the water/1,2-dichloroethane (1,2-DCE) interface using neutral 4'-Morpholinoacetophenone-4-phenyl-3-thiosemicarbazone (MAPPT). The transfer mechanism and the nature of assisted Cd 2+ transfer were examined in detail using cyclic voltammetry. The stoichiometry and the association constant of the complex formed between MAPPT and Cd 2+ ions were determined based on the dependence of the half-wave transfer potential on the concentration of MAPPT. The voltammograms of other metal ions are also discussed.
Experimental Procedure
4 ' -M o r p h o l i n o a c e t o p h e n o n e -4 -p h e n y l -3 -thiosemicarbazone (MAPPT) was synthesized according to the method detailed in the literature [30] and used as a ligand dissolved in 1,2-dichloroethane (Fig. 1) .
1,2-dichloroethane (1,2-DCE, Merck, min. 99.5% G.C. Grade) was employed as the organic solvent. 18.2 MΩ water was used throughout. Both of the solvents used in the cell were mutually saturated prior to any experiment. Other chemicals were of analytical grade or better and used as received. LiCl and bis(triphenylphosphoranylidene) ammonium tetrakis-(4-chlorophenyl) borate (BTPPATPBCl) were used as the supporting electrolytes for the aqueous phase and organic phase, respectively. BTPPATPBCl was synthesized by the metathesis of BTPPACl (Fluka) and KTPBCl (Merck).
The experimental setup consisted of a four-electrode potentiostat /galvanostat (PAR-273 /A2, USA) equipped with a positive feedback circuit (with full ohmic drop compensation) [31] . A conventional glass cell with a flat interfacial area of 0.27 cm 2 was placed in a Faraday cage to minimize the background noise. The glass cell was equipped with two Luggin capillaries to minimize the resistance across the two reference electrodes. While the counter electrodes were platinum wires, the reference electrodes were Ag/AgCl electrodes prepared by electrolysis of a silver wire with a diameter of 0.2 cm, immersed in a 0.1 M solution of sodium chloride. The aqueous and organic phases were equilibrated for several hours before the measurements. All experiments were carried out at room temperature (25±1ºC).
The electrochemical cell can be represented by the Scheme 1.
where || denotes the electrochemically polarisable liquid/liquid interface, x and y are the concentrations of MAPPT and metal ions, respectively. The applied potential difference E is defined as the potential applied between the two reference electrodes, and is related to the Galvani potential difference, , across the interface by: (2) where ref E ∆ was determined by the reference electrode system in Cell 1. Tetrapropylammonium (TPrA + ) ion was added as its chloride solution to the aqueous phase at the end of each experiment. The standard potential of the TPrA + ion was reported to be -91 mV [32] for a water/1,2-DCE interface, according to the TATB hypothesis. In this study, the aqueous phase becomes more positive with respect to the organic phase upon increase of the potential, so that a positive current reflects either the transfer of a cation from water into the organic phase or that of an anion from the organic phase into water.
The partition coefficient ( H. Bingol, T. Atalay octanol using this software, this value was transposed to the water/1,2-DCE solvent system by using the relationship proposed to link the solvatochromic behavior of both systems [35] . Consequently, a 1,2 log DCE P − value of 3.2±0.6 was obtained theoretically for the partition of MAPPT between water and 1,2-DCE.
Results and Discussion
We examined the protonated MAPPT transfer across the water/1,2-DCE interface upon changing the pH of the aqueous phase in the pH range of 2-10 to determine the optimum conditions for the complexation reaction between heavy metal ions and MAPPT. We did not observe any peak indicating that the proton transfer is assisted by MAPPT in this range. These results show that proton transfer assisted by MAPPT does not occur under the present experimental conditions. Hence, we conclude that assisted heavy metal ion transfers by MAPPT do not require the adjustment of pH with buffer solution. The pH of the aqueous phase was measured to be approximately 6.40.
When we kept the ligand concentration much higher in the organic phase than the metal concentration in the aqueous phase, we obtained a well-defined peak due to the assisted ion transfer of heavy metal cations by MAPPT across the water/1,2-DCE interface. However, distorted voltammograms were observed for experiments in which the aqueous metal ion concentration was in excess. This is attributed to the transfer of a large quantity of ions (high currents), which contributes to the ohmic distortion [36] .
The voltammograms obtained using Cell 1, containing no heavy metal ions (y=0) and 150 µM Cd 2+ in an excess of ligand (x=10 mM), can be seen in Fig. 2 as dotted and solid lines, respectively. The assisted transfer peak of Cd 2+ is characterized by a change in the metal concentration and scan rate (v) as shown in Figs. 3a and 3b, respectively. In these experiments, we observed that the forward peak current is linearly proportional to the bulk concentration of cadmium ion (
) in the range of 30 to 300 μM, but it is non-linearly proportional to the square root of the scan rate (v1/2) in the range of 20 to 300 mV s -1 , as shown in Figs. 4a and b, respectively. Also, the half-wave potential was independent of * ( ) w Cd II c and v, whereas the peak separation increased linearly with increasing v. When was plotted against v1/2 (Fig. 4c) , the intercept was determined as 34±4 mV at v =0, which is in good agreement with the expected value for the reversible transfer of a divalent ion [37] . These results clearly indicated that the MAPPTassisted transfer of Cd 2+ ion is a quasi-reversible process.
was calculated as 0.267±0.008 V at the Interfacial transfer of Cd 2+ assisted by 4' -morpholino-acetophenone-4-phenyl-3-thiosemicarbazone across the water/1,2-dichloroethane interface experimental conditions. As presented in Fig. 5 , we performed a series of experiments to investigate the influence of MAPPT concentrations upon the assisted transfer of Cd 2+ across the water/1,2-DCE interface as measured by the voltammetric signal. The MAPPT concentrations were varied between 1.0 and 25.0 mM for a concentration of 100 μM Cd 2+ ion. The increasing concentrations of MAPPT caused the shift in the assisted transfer peaks towards lower potential due to the decrease of the Galvani transfer potential for the Cd 2+ transfer. We could not use ligand concentrations lower than this range and still observe recognizable peak potentials for the assisted transfer, while the ligand was not soluble at concentrations higher than the specified range.
If the ligand is highly hydrophobic ( 1,2 log DCE P − >2) and only a single complex species is formed, the assisted transfer occurs by interfacial complexation (TIC mechanism) [38] . Taking into account that 1,2 log DCE P − ≈3.0, as presented in the experimental section, we can consider the Nernstian transfer of the Cd 2+ ion across the interface to be assisted by the formation of complexes of the Cd 2+ ion with MAPPT present in the O-phase according to the TIC mechanism: 
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The changes of forward peak current of the MAPPT-assisted Cd 2+ transfer across the water/1,2-DCE interface as a function of (a) the bulk concentrations of Cd 2+ ion; (b) the square root of the scan rate; (c) The difference between the obtained Galvani ion transfer forward and back scan peak potentials as a function of scan rate at the experimental conditions. where s is the stoichiometry number of the complex.
According to the TIC mechanism under certain assumptions [39, 40] , the interfacial half-wave potential in the presence of excess ligand is given by: (4) where is the interfacial half-wave transfer potential for the complex, is the formal potential of the free Cd 2+ ion, is approximated as 1.12 for the water/1,2-DCE system, is the association constant and
is the initial concentration of ligand in the organic phase. Fig. 6 shows how the half-wave Galvani ion transfer potential varies for the assisted ion transfer of Cd 2+ ion with the logarithm of the ligand concentration, when the ligand concentration is kept in excess. The results of the analysis are presented as by Eq. 5, which represents the regression line fitted to Fig. 6 . (5) The slope provides the ion-to-ligand stoichiometry, while the overall association constants were calculated from the ordinates using Eq. 4. The results obtained are given in Table 1 .
Electrochemical studies of the assisted transfer of Pb 2+ , Zn 2+ , Cu 2+ , Hg 2+ , Co 2+ and Ni 2+ were also performed, varying the ligand concentration from 1.0 to 20 mM and the metal ion concentration from 25 to 500 μM. Fig. 7 shows CVs of the assisted transfer of Pb 2+ ion across the water/1,2-DCE interface for the different concentrations of MAPPT with respect to the metal ion. The voltammogram of Pb 2+ showed that the transfer process has a two-step voltammogram. This result indicates that the assisted ion transfer of Pb 2+ occurs with two different stoichiometries that have very close transfer peaks. In order to investigate the transfer peaks in detail, we studied the assisted ion transfer at different metal:ligand ratios, but the nature of the assisted ion transfer of Pb 2+ could not be satisfactorily evaluated based on an analysis of the cyclic voltammetry data.
The voltammograms of Hg 2+ , Cu 2+ and Zn 2+ indicate that the transfer processes were irreversible; a welldeveloped forward peak was observed on the positive scan, but little or no peak was observed on the reverse scan. When Co 2+ and Ni 2+ ions were used, no peaks were visible under the experimental conditions used in this study.
When the results obtained herein are compared to a study relating heavy metal transfer across the water/1,2-DCE interface with a thiosemicarbazone derivative [29] , no differences are observed in the assisted transfer stoichiometries. However, significant differences in assisted transfer characteristic properties, such as reversibility, are observed. It is likely that aldehyde or ketone derivatives used for the synthesis of thiosemicarbazones have a significant effect. Moreover, when the results of both studies are reviewed, it appears that the assisted transfers of thiosemicarbazone derivatives yield more suitable peaks for Pb 2+ and Cd
2+
ions than other heavy metal ions.
Conclusion
The thiosemicarbazone 4'-Morpholinoacetophenone-4-phenyl-3-thiosemicarbazone (MAPPT) was observed to assist the transfer of Cd 2+ across the liquid/liquid interface. The assisted transfer of Cd 2+ was determined to be electrochemically quasi-reversible. The interface which prevents the bare transfer of MAPPT and Cd 2+ but allows the assisted transfer of Cd 2+ by MAPPT occurs Interfacial transfer of Cd 2+ assisted by 4' -morpholino-acetophenone-4-phenyl-3-thiosemicarbazone across the water/1,2-dichloroethane interface via the TIC mechanism. The complex stoichiometry was found to be 1:3 (metal:ligand), while the association constant of the complex was calculated to be 15.46 (±0.11). The results obtained were compared to previous studies of assisted heavy metal ion transfer by ligands with similar structures.
